Femtosecond laser pulse shaping techniques have been restricted to propagating transverse electromagnetic waves. We present a scheme for pulse shaping of optical near fields based on the excitation of longitudinal electromagnetic fields with polarization-shaped light pulses. By solving Maxwell's equations for a model nanostructure, i.e., a scanning tunneling microscope tip, with help from the boundary-element method, we demonstrate that the electric field vector oscillates in a complex yet controllable fashion in three dimensions. Many applications are envisioned because literally another dimension in the optimal control of light -matter interaction is accessible.
Femtosecond laser pulse shaping 1 has led to experimental breakthroughs in many areas, such as quantum control. 2, 3 LCDs can be used to modulate the phase 4 or phase and amplitude 5 of individual frequency components, and with two-dimensional LCDs even spatiotemporal properties can be controlled. 6 However, in all cases the polarization state of the shaped light pulse remains linear. With polarization pulse shaping 7 -9 two transverse electric f ield components of femtosecond laser pulses can be phase shaped independently. Thereby it is possible to vary the polarization state of light (i.e., ellipticity and angle of orientation) as well as the intensity and momentary frequency as functions of time within a single laser pulse, which has been applied, e.g., in optimized anti-Stokes Raman spectroscopy. 10 Here we show how in addition to transverse polarizations the longitudinal component of light f ields can be controlled on a femtosecond time scale, thus opening the door to the third and last dimension in the manipulation of electric field prof iles and light -matter interaction. This three-dimensional (3D) control of the electromagnetic f ield is achieved in the vicinity of a suitable nanostructure that is illuminated by polarization-shaped laser pulses. We demonstrate this rather general scheme for a model geometry, i.e., a scanning tunneling microscope tip that is positioned above a nanoscale sphere (Fig. 1) . Femtosecond laser pulses are modified in a femtosecond pulse shaper. 7, 8 A two-layer LCD in the Fourier plane of a 4f configuration compressor introduces phase retardations F ͑1͒ ͑v͒ and F ͑2͒ ͑v͒ for two mutually orthogonal (transverse) polarization directions. The resulting pulses are irradiated onto the chosen nanostructure. In the vicinity of the tip strong local field enhancement can be observed. 11 Furthermore, the electric field acquires a longitudinal component that, like the transverse components, depends on the external pulse structure.
A correct theoretical treatment requires us to take into account the time-dependent vectorial characteristics of the electric field, the given geometry, material dispersion properties, and electromagnetic propagation and retardation effects. We solve the frequency-dependent Maxwell equations by means of the boundary-element method. 12, 13 This is a Green's function approach, in which equivalent surface charges and currents are introduced to account for both external sources and induced sources beyond boundary surfaces. A self-consistent solution is then obtained under the constraint that the usual electromagnetic boundary conditions are satisfied. This leads to surface-integral equations that can be further simplified by making use of the axial symmetry and Fourier decomposition. The method is easily adapted for any axially symmetric configuration. Other geometries can be calculated as well in principle but without the additional speed advantage of Fourier decomposition. This calculation is performed twice, assuming purely 1-polarized and 2-polarized input fields, respectively. As a result, we obtain complex-valued matrices A a ͑i͒ ͑r, v͒, where the subscripts a x, y, z indicate the component of the electric f ield at point r and frequency v induced by a far f ield of superscripted linear polarization i 1 or i 2. The amplitudes in A a ͑i͒ ͑r, v͒ describe the extent to which the two far-f ield components 1 and 2 couple to the local f ield, whereas the phases establish their correct vectorial superposition. Because of the linearity of Maxwell's equations, the total local field is then obtained as
with spectral intensities I ͑i͒ ͑v͒ and phases F ͑i͒ ͑v͒ of the two polarization-shaped input f ield components. The local f ield in the time domain E l ͑r, t͒ is obtained by separately Fourier transforming each vector component of E l ͑r, v͒.
As an example, we use the near-f ield geometry shown in Fig. 1 and sideways plane-wave illumination from the 1x direction. The 12-fs input laser pulse (Fig. 2) has a Gaussian spectrum. A parabolic spectral phase with a f irst-order Taylor coefficient of 215 fs and a second-order coeff icient of 100 fs 2 was applied to component 1 (dotted curve), resulting in a 215-fs temporal shift and an up-chirp of this component. Component 2 is not shifted in time, but a second-order coefficient of 2100 fs 2 leads to a down-chirp. Together, this leads to time-dependent polarization evolution. In an intuitive representation (Fig. 2, right) , time evolves from left to right, and ellipses indicate the momentary polarization states and amplitudes of electric field oscillations. 8, 9 The gray shading signifies the momentary oscillation frequency, whereas the shadows represent the amplitude envelopes of components 1 and 2 separately. Although the polarization evolves in a complex fashion, at each instant the light pulse is still transversely polarized with respect to the axis of propagation.
However, the local near field acquires contributions along all three polarization directions (the term "polarization" in the context of nonpropagating near fields simply indicates the vector direction of the electric f ield). The result is illustrated in Fig. 3 for one sample point P ͑r͒, with temporal oscillations shown in Fig. 3(a) . Component E y (dashed curve) is parallel to E ͑2͒ of the illuminating pulse. Therefore E y retains some of the far-f ield characteristics, i.e., the pulse is centered around time zero. Component E z (dotted curve) is parallel to E ͑1͒ and is therefore to some extent translated by 215 fs in time. Of course, the near-f ield modes introduce further pulse structure and nontrivial mixing between all components. Apart from this, E x (solid curve) has a significant amplitude of approximately one fourth of the components E y and E z , although it is not present in the far field. The phase relations among E x ͑t͒, E y ͑t͒, and E z ͑t͒ vary as functions of time, and these variations in turn Fig. 2 . Far-f ield evolution. The 12-fs input laser pulse has a Gaussian spectrum, but simple polynomial phase structures (left) lead to a time dependence of the transverse polarization (right), shown over a time interval of 100 fs. More-complex evolutions are possible as well. Fig. 3 . Near-field evolution. The electric field at r͞nm ͑220, 20, 27.5͒ contains three polarization components: (a) the temporal evolution of E x (solid curve), E y (dashed curve), and E z (dotted curve). Parametric plots (b)-(e) show how the electric field vector oscillates in a complex yet controllable fashion in 3D space (black curves) as well as in planar projections (gray curves).
depend on the pulse shaper settings. For example, in Fig. 3(a) at t 15 fs the solid curve is out of phase with the mutually in-phase dotted and dashed curves, whereas at t 215 fs the dashed and dotted curves oscillate with opposite phase and the solid curve is shifted by approximately 90 ± .
Such behavior results in a complex 3D vectorial time evolution of the electric f ield. In the beginning the light field is mainly linearly polarized [ Fig. 3(b) ] but then changes ellipticity as well as orientation in 3D space as time progresses [Figs. 3(c)-3(d) ]. Finally it oscillates again mainly linearly polarized but in a different direction [ Fig. 3(e) ]. The time-dependent polarization state of the incoming laser pulse inf luences both the individual amplitudes and the phases of different near-f ield modes, which provides a means of controlling the temporal and spatial evolution of the near-f ield distribution. The control mechanism is based on linear superposition according to Eq. (1). Constructive versus destructive interference can be used to enhance or suppress near-f ield modes. The two interfering terms are provided by the two external polarization components, whereas with linearly polarized f ields this superposition scheme is not available.
A general assessment of the possible degree of control is diff icult, but a discussion of the rate of polarization variation for transversely polarization-shaped fields 9 can in principle be transferred to the near-f ield scheme. Full controllability requires three independently phase-and-amplitude-shaped beams from different spatial directions and nontrivial mutual phase stabilization, whereas our scheme employs only one external source and therefore requires no phase stabilization. The accessible field distributions are limited by the chosen geometry, the material response, and the spectrum and incidence angle of the illumination. However, the choice of a suitable geometry and the large number of LCD settings (approximately 10 600 ) allows us to create electric fields sufficiently similar to the desired target, as can be deduced from the many successful applications of phase-only linear pulse shaping. 2, 3 Similarly, it is possible here to use a learning algorithm for optimal generation of specific electric field prof iles and different optimization objectives. 14 Many potential applications exist for this 3D pulseshaping technique. For example, selective production of chemical enantiomers (chirality control) could make use of shaped electric fields with three polarization components. 15 Another area involves near-field techniques. For instance, near-f ield f luorescence microscopy based on two-photon excitation was demonstrated with unshaped femtosecond laser pulses, 11 and near-field interference spectroscopy was also developed. 16 Here the perspective of pulse shaping could increase contrast ratios or combine chemical quantum control methods and microscopy. The effect of linear chirp on local field enhancement has also been reported 17 but without taking into account polarization shaping.
The whole area of nanophotonics could benefit, for example, the optimized action of nanophotonic switching devices. 18 Apart from new perspectives in all these cases, 3D shaping offers the possibility of extending the methods of adaptive quantum control 2, 3 to their most general form: With light-matter interaction determined by m ? E͑t͒ and the ability to control E͑t͒ vectorially it is possible to follow and exploit the 3D time evolution of quantum wave functions as probed by the dipole operator m. Furthermore, spatial f ield dependency E͑r, t͒ can lead to new effects because m ? E͑r, t͒ can vary within the length scale of extended wave functions.
In summary, we have described a novel pulseshaping technique that allows, for the first time to our knowledge, the shaping of all three mutually orthogonal polarization components of femtosecond light pulses. As a result, the electric near-f ield vector oscillates within 3D space in a complex fashion. Especially in connection with learning algorithms, we expect many applications because light -matter interaction can be controlled on a fundamental level.
